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Abstract 
It is proven that potential-induced degradation leading to shunting of crystalline silicon solar cells (PID-s) is caused by stacking 
fault-like planar crystal defects penetrating the p-n junction that become decorated with sodium due to high electric fields across 
the dielectric antireflective coating (ARC). Often it is assumed that sodium found in PID-s affected cells originates from the 
cover glass used for photovoltaic modules. In this contribution, we show that PID-s also occurs at bare silicon solar cells without 
polymer foil or glass encapsulation. Using corona discharge induced degradation, it is shown that sodium decorated, shunting 
crystal defects are generated. This sodium likely originates from contaminations present on the solar cell surface. Therefore, it is 
concluded that PID-s of solar modules also mainly arises from sodium contaminations of the solar cell surface and not from the 
glass. Whether PID-s occurs or not depends on the electric field across the ARC, influenced by the electrical resistance of 
polymer foil and glass. So called sodium-free glass results in a low electric field due to the high resistance of the glass. 
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1. Introduction 
Potential-induced degradation (PID) of PV modules containing crystalline silicon solar cells is of prevailing 
scientific interest. PID of the shunting type (PID-s) has the most detrimental impact on the reliability and yield of 
installed modules. Recent work on PID-s root causes revealed sodium decorated, planar crystal defects in {111} 
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crystal planes penetrating the p-n junction of solar cells to be responsible for shunting [1]. Often it is proposed that 
sodium found at the cells originates from the module front glass, since sodium free glass reliably avoids PID-s [2]. 
Moreover, the fact that sodium is responsible for PID-s on cell level very often leads to the assumption that sodium 
ions migrate “from the glass” to the cell (e.g. [3]). Within this contribution, we will show that PID-s also occurs at 
bare silicon solar cells without polymer foil or glass encapsulation. Using corona discharge induced degradation, it 
will be shown that PID-s is based on sodium decorated crystal defects in this case as well. 
2. Experimental 
A multicrystalline silicon solar cell, intentionally fabricated without contact fingers but with busbars only, has 
been subjected to PID-s by corona charging of the bare cell surface [4] (+6.5 kV, 41 hours). (The corona charging 
took place after months of conventional storage in ambient air.) The cell then has been analyzed by 
photoluminescence (PL), electroluminescence (EL) and lock-in thermography (LIT). PID-shunts have been further 
characterized by scanning electron microscopy (SEM) employing the electron beam induced current (EBIC) 
method. One of them has been selected for transmission electron microscopy (TEM). The cross sectional TEM 
lamella has been cut out by focused ion beam (FIB) perpendicular to the crystal defect and perpendicular to the cell 
surface. High resolution scanning TEM (STEM) imaging and energy-dispersive X ray spectroscopy (EDX) 
mappings with high sensitivity have been carried out using an FEI TITAN3 G2 60-300 apparatus equipped with a 
Super-X EDX detector system. 
3. Results and discussion 
PL and EL analyses reveal strongly shunted regions scattered over the whole cell after corona discharge induced 
degradation. A region with strongly decreased PL intensity is cut out and subsequently analyzed by LIT under 
electrical excitation in order to choose a region with high density of PID-shunts (Fig. 1a). A piece with such a PID-
shunted region is then investigated by SEM/EBIC. PID-shunts are characterized by dark spots with diffuse 
appearance in EBIC images at low magnification (Fig. 1b). More than ten PID-shunts have been found in this way 
in an area of less than 1/10 mm². At reduced acceleration voltage of 5 kV and at increased magnification they show 
the typical elongated shape (inset in Fig. 1b). 
 
 a  b 
Fig. 1. (a) LIT and topography overlay image of a cell area exhibiting strong PID-shunting. (b) EBIC image showing localized PID-shunts (1-7) 
as diffuse spots with decreased EBIC intensity. The inset shows shunt no. 6 under high magnification. The diffuse vertical dark line at the center 
of the inset indicates the orientation of the defect and the white dashed line displays the plane of the cross section to be done by FIB. 
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The PID-shunt shown in the inset of Fig. 1b has been chosen for TEM investigation because of its orientation 
roughly perpendicular to the cell surface. This orientation is indicated by the almost symmetric line of weakened 
signal in the EBIC image. (Since for this investigation a multicrystalline silicon solar cell was used, not necessarily 
all PID-s defects are oriented perpendicular to the surface. A planar defect with an inclined orientation with respect 
to the surface would result in an ‘asymmetric’ EBIC signature blurring further to one side of the line because of the 
finite penetration depth of electron beam excitation.) A cross-sectional lamella perpendicular to the fault plane and 
perpendicular to the sample surface has been prepared by FIB. The orientation of the FIB lamella with respect to the 
defect plane is indicated by the white dashed line in the inset of Fig. 1b. 
Fig. 2 shows STEM and EDX images of the cross section lamella. The PID-s defect is visible in the right bottom 
corner in the high-angle annular dark field (HAADF) STEM image (upper left pane in Fig. 2). The EDX maps of the 
same field of view, showing the distribution of silicon (Si), phosphorous (P), nitrogen (N) and oxygen (O), indicate 
the layer structure of this sample. Between the silicon nitride antireflective layer and the (phosphorous-doped) 
silicon emitter region is a thin silicon oxide interlayer, indicated by an increased oxygen signal. The platinum 
protection layer on top is also characterized by an increased oxygen signal. The surface of the silicon crystal is 
curved at this position due to a groove originating from the surface morphology (acidic etched). The lower right 
pane of Fig. 2 shows the EDX map of sodium (Na). It shows that sodium is accumulated within the PID-shunt defect 
plane and around the intersection of the defect with the silicon nitride interface. This is in strict conformity to the 
findings that were previously presented in literature [1] for ‘conventionally PID-tested’ solar cells. The increased 
sodium signal around the defect intersection at the thin oxide layer between the silicon nitride layer and the silicon 
bulk material is assigned to the beginning recovery process as discussed in [1, 5]. Beyond that, there is small but 
significant increase of the sodium intensity on top of the nitride layer (arrows), indicating the presence of sodium on 
the cell surface before application of the platinum in the course of FIB preparation. 
Fig. 2. HAADF STEM image and EDX mappings of a PID-s defect (cross section) after corona degradation. The dark field image shows the 
structure of the cross section. The Na EDX map exhibits the distribution of sodium at the defect plane. Arrows point at the surface of the nitride 
layer where the sodium signal is slightly increased due to surface contamination. 
The results prove that corona charging of the surface of the investigated PID-sensitive solar cell creates the same 
sodium decorated PID-s defects as found after ‘conventional’ PID tests. It is concluded that not merely the front 
glass of solar modules (standardly consisting of soda-lime float glass), but rather ubiquitous contaminants at the 
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solar cell surface [6] (contamination with particles on the silicon nitride layer) likely serve as sodium source. Due to 
extended storage and handling the surface contamination level of the investigated cell may be higher than that of 
cells that undergo industrial module fabrication. However, this individual result is seen as a hint that no large 
quantities of sodium are required to enable PID-s. It is concluded by implication that the polymer foil or even the 
glass of solar modules do not play a major role as the origin of sodium that is actually found within the cells (as 
proposed in [2] and [4]). Despite it cannot be excluded that sodium present in the foil or the glass contributes to the 
degradation process, we assume that in any case of PID-s sodium is drifted through the nitride layer under the 
influence of a sufficient high electric potential that builds up over the nitride layer. In corona-based PID-tests the 
voltage is applied directly by charge deposition on the nitride surface and no glass or foil is present. Thus, in this 
experiment sodium must be present on the solar cell surface before degradation (as also seen in Fig. 2). Alternative 
explanations of PID-s observed after corona charging, such as that PID-s induced by corona can be induced by other 
ions than sodium [4, 8], are not supported by the present results. It is assumed that for any corona based PID-s, the 
shunting is caused by sodium decorated ‘stacking fault’ crystal defects in silicon. Even if in the present experiment 
the sodium contamination of the cell surface was much higher before corona charging, it seems unlikely that PID-s 
developing during corona-based PID tests [4] relies on a different mechanism or a different sort of ions in the case 
of ‘cleaner’ cells. 
In solar modules subjected to high electric potential between glass surface and solar cells, PID-s is caused by the 
drift of sodium through the silicon nitride layer. The very high electric field across the silicon nitride that is 
necessary for the drift of sodium is explained by a voltage divider model [7]. Also within modules, sodium likely 
originates from surface contamination of the solar cell before the lamination. Nevertheless, encapsulation foil and 
glass play a big role for PID sensitivity by means of their electric resistance [7]. For example, glass with a high 
electric resistivity, such as (‘sodium-free’) quartz glass, leads to a strongly reduced leakage current through the layer 
stack and therefore prevents cells from PID. The same holds true for encapsulation polymer foils with increased 
electric resistivity. In conclusion, not the specific sodium content but the electrical resistance of the glass and 
polymer foil affects the PID-s sensitivity of solar modules by its impact on the electric field across the silicon 
nitride. 
4. Summary 
It is speculated in literature whether sodium found in the PID-s crystal defects originates from the module front 
glass since sodium free glass reliably avoids PID-s. In order to clarify this issue, we performed microstructural 
investigations of PID-s defects that were created without contact to encapsulation foils or glass. Corona discharge 
has been applied for degradation of the solar cells. High-resolution SEM/EBIC imaging reveals characteristic PID-s 
defects shunting the p-n junction. The corona induced PID-shunts exhibit exactly the same appearance as after 
‘conventional’ PID tests. Subsequent STEM/EDX investigations at a corona induced PID-shunt with high resolution 
exhibit the same arrangement of sodium at a planar crystal defect. Therefore, it is concluded that sodium is present 
at the surface of the silicon nitride layer before corona based degradation. Consequently, contaminants at the surface 
of the solar cell can serve as the sodium source both inside module laminates as well as in corona based PID testing. 
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